Abstract. Recent studies have highlighted the role of long non-coding RNAs (lncRNAs) in carcinogenesis and have suggested that genes of this class might be used as biomarkers in cancer. However, whether lncRNAs are involved in serous ovarian cancer (SOC) remains largely unknown. In the present study, we focused on lncRNA antisense non-coding RNA in the INK4 locus (ANRIL) and investigated its expression pattern, clinical significance, and biological function in SOC. We found that ANRIL levels were elevated in SOC tissues compared with normal controls and were highly correlated with advanced FIGO stage, high histological grade, lymph node metastasis, and poor prognosis. Multivariate analysis further revealed that ANRIL is an independent prognostic factor for predicting overall survival of SOC patients. In vitro, we compared differential ANRIL levels between SOC parental cell lines (SK-OV-3, HO8910) and highly metastatic sublines (SK-OV-3.ip1, HO8910-PM). Notably, ANRIL was highly expressed in both SK-OV-3.ip1 cells and HO8910-PM cells. SiRNA-mediated ANRIL silencing in these cells impaired cell migration and invasion. Based on the metastasis-related mRNA microarray analysis and subsequent western blotting confirmation, we found that MET and MMP3 are key downstream genes of ANRIL involved in SOC cell migration/ invasion. Together, our data suggest that lncRNA ANRIL plays an important role in SOC invasion/metastasis and could represent a novel biomarker for predicting poor survival as well a promising therapeutic target.
Introduction
Epithelial ovarian cancer (EOC) consists of multiple histotypes differing in etiology and clinical course. The most prevalent histotype is serous ovarian cancer (SOC), which is highly lethal (1, 2) . Because of the absence of characteristic symptoms and the lack of effective biomarkers, the majority of SOC patients have widely dispersed intra-peritoneal and/or lymph node metastatic disease at the time of diagnosis (3, 4) . Despite advances in surgery and chemotherapy over the last few decades, the 5-year survival rate for SOC patients with advanced disease remains <30% (2, 5) . Such an unfavourable prognosis has been largely correlated with tumour metastasis. Therefore, strategies for elucidating the mechanism underlying metastasis and identifying novel biomarkers for SOC are urgently needed.
Long non-coding RNAs (lncRNAs, >200 nt in length), previously disregarded as transcriptional noise, are emerging as new regulators in the cancer paradigm (6, 7) . An increasing number of discoveries of misregulated lncRNA expression across numerous cancer types have suggested that aberrant lncRNA expression may be a major contributor to tumourigenesis. Further, lncRNAs may add another layer to cancer research because their potential usefulness as biomarkers (8) (9) (10) (11) (12) (13) (14) (15) . Therefore, to fully understand the complex mechanisms underlying carcinogenesis and cancer metastasis, the role of lncRNAs must be considered.
The antisense non-coding RNA in the INK4 locus (ANRIL) is a recently discovered lncRNA encoded in the chromosome 9p21 region, which has been highlighted as a hotspot for cancer research because this gene locus is often homozygously deleted or transcriptionally silenced in ~40% of human cancers (16) . The data gathered to date strongly implicate ANRIL in the epigenetic regulation of INK4b/ARF/ INK4a tumour suppressors (17) (18) (19) . In addition, ANRIL has been reported to contribute to a number of cellular events in many cancers facilitating cell proliferation and senescence, suggesting it has a pro-cancerogenic role (20, 21 (26) and leukemia (27) . However, its involvement in SOC remains poorly investigated.
In the present study, we detected the expression of ANRIL in SOC tissues and assessed its association with clinicopathological factors as well as patient prognosis. Additionally, using in vitro assays, we determined its role in metastasis and invasion during SOC progression. We also employed metastasis-related gene mRNA microarrays to investigate the downstream molecular events involving ANRIL and SOC metastasis. Our study highlights the significance of ANRIL in SOC metastasis and prognosis.
Materials and methods
Patients and tissue samples. A total of 68 SOC tissue samples were obtained from patients admitted to the Department of Gynaecology, Obstetrics and Gynaecology Hospital of Fudan University between August 2005 and December 2008. All diagnoses were confirmed by histology. Patients with borderline ovarian tumours, patients with two or more different malignancies and patients who had received preoperative radiotherapy, chemotherapy, or hormonal therapy were excluded. The control group consisted of 30 normal ovarian epithelial tissue samples obtained from participants diagnosed with uterine fibroids scheduled to undergo hysterectomy and oophorectomy. Patients with ovarian cysts, patients who had experienced ovarian pathology and patients who had undergone previous ovarian surgery were excluded. All samples were frozen immediately in liquid nitrogen and stored at -80˚C until analysis.
Clinicopathological details of SOC patients were evalu ated by reviewing medical charts and the original pathology reports. Staging and grading were determined in accordance with the criteria of the International Federation of Gynaecologists and Obstetricians (FIGO) and the World Health Organization (WHO). Follow-up data were obtained by reviewing the outpatient charts or via correspondence. Overall survival (OS) was defined as the time interval between the date of surgery and the date of death or end of follow-up (January 2013). This study was approved by the Research Ethics Committee of Fudan University, China. Informed consent was obtained from all of the patients.
Cell line and cell culture. Two paired human SOC cell lines: parental (SK-OV-3, HO8910) and highly metastatic sublines (SK-OV-3.ip1, HO8910-PM) (28) (29) (30) (31) were gifts from the University of Texas M.D. Anderson Cancer Center (Houston, Tx, USA). All cells were cultured in RPMI-1640 medium (Gibco BRL, Gaithersburg, MD, USA) containing 10% fetal bovine serum (FBS; Gibco) with 100 U/ml penicillin and 100 mg/ml streptomycin and maintained in a humidified 5% CO 2 incubator at 37˚C.
Quantitative real-time PCR (qRT-PCR).
Total RNA was isolated from cancerous/non-cancerous specimens or cell lines using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA was reverse transcribed into cDNAs using a Prime-Script™ one step RT-PCR kit (Takara, Dalian, China). QRT-PCR reactions were performed using an ABI7500 System (Applied Biosystems, Foster City, CA, USA) and SYBR Green PCR Master Mix (Takara). The primer sequences for ANRIL were 5'-TGTACTTAACCACTGGACTACCTGCC-3' (forward) and 5'-CATTCTGATTCAACAGCAGAGATCAAAG-3' (reverse). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was applied as an internal control, the primers for which were 5'-GTCAACGGATTTGGTCTGTATT-3' (forward) and 5'-AGTCTTCTGGGTGGCAGTGAT-3' (reverse). Each assay was performed in triplicate, and the average was calculated. ANRIL expression levels were normalised to GAPDH. Wound-healing assay. SK-OV-3.ip1 and HO8910-PM cells were transfected with either 50 nM siRNAs targeting ANRIL or a scrambled negative control (si-NC). When cell confluence reached ~80% at 24 h posttransfection, wounds were created in confluent cells using a 200-µl pipette tip. Cells were then rinsed with medium to remove any free-floating cells and debris. Medium was added, and the culture plates were incubated at 37˚C. Different stages of wound healing were observed along the scrape line, and representative scrape lines were photographed. Duplicate wells for each condition were examined, and each experiment was repeated in triplicate.
Small interfering
Matrigel invasion assay. SK-OV-3.ip1 and HO8910-PM cells were transfected with 50 nM siRNAs targeting ANRIL or a scrambled negative control (si-NC). At 24 h post-infection, infected cells were harvested and subjected to the following assays. Infected cells (1x10 5 ) were plated in the top chamber of Transwell assay inserts (Millipore, Billerica, MA, USA) with a Matrigel coated membrane containing pores with a diameter of 8 µm in 200 ml of serum-free RPMI-1640. The assays were conducted in triplicate. Inserts were then placed into the bottom chamber wells of a 24-well plate containing RPMI-1640 with 10% FBS as a chemo-attractant. After 48 h of incubation, the remaining cells were removed from the top layer of the insert by scrubbing with a sterile cotton swab. Invading cells from the bottom surface were stained with 0.1% crystal violet prior to being examined, counted, and photographed using digital microscopy. Cell numbers were calculated in five random fields for each chamber, and the average value was calculated.
Western blotting. The cells were lysed with RIPA buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton x-100, 0.5% Na-deoxycholate] containing protease inhibitors (Roche, Complete Mini). Lysate aliquots (20-30 µg) were separated on 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to a polyvinyl difluoride (PVDF) membrane. The membranes were incubated with the primary antibodies (Cell Signalling) rabbit anti-MMP3, anti-MET and anti-GAPDH overnight at 4˚C. Primary antibody incubation was followed with HRP-conjugated secondary antibody incubation. The bound antibodies were detected with ECL kit (Pierce, PI32209).
Tumour metastasis real-time PCR array. Total RNA was extracted from SK-OV-3.ip1-ANRIL-siRNA1 cells and SK-OV-3.ip1-si-NC cells with an RNeasy mini kit (Qiagen) and further purified using an RNeasy MinElute™ Cleanup kit (Qiagen). An RT 2 First Strand kit (Qiagen) was employed to produce a cDNA library for the total RNA extracted. Following the manufacturer's protocol, the cDNA was then processed to perform a Human Tumour Metastasis RT 2 Profiler™ PCR array (Qiagen, Mississauga, ON, Canada) containing 84 genes known to be related to tumour metastasis, five housekeeping genes were used for a genomic DNA control, and three positive controls to ensure high-quality data normalisation across samples. The results were analysed using SA Biosciences soft ware. For relative quantification, 2 -ΔΔCt was calculated and used as an indication of the relative expression level.
Statistical analysis. All of the statistical analyses were performed using SPSS for Windows v.16.0 (SPSS, Chicago, IL, USA). The continuous data were analysed using an independent t-test between the two groups, whereas categorical data were analysed by the χ 2 test or Fisher's exact test, as appropriate. OS curves were plotted according to the Kaplan-Meier method, and the log-rank test was applied for comparison. The variables were used in multivariate analysis on the basis of the Cox proportional hazards model. P-values <0.05 were considered statistically significant (P<0.05).
Results

ANRIL is overexpressed and correlates with poor prognosis in SOC.
ANRIL expression levels in 68 SOC and 30 noncancerous tissues were examined using qRT-PCR. The results showed that ANRIL levels in SOC tissues were significantly higher than those in non-cancerous tissues (P<0.01; Fig. 1A ).
For the clinicopathological correlation analysis, the 68 SOC patients were divided into two groups according to the Table I . Association of ANRIL expression with clinicopathological variables in 68 SOC patients.
Low
High These results suggest that ANRIL can be used as a powerful independent prognostic factor and that overexpression of ANRIL might have an important role in SOC progression.
ANRIL expression in SOC cell lines. Because overexpression of ANRIL was associated with lymph node metastasis and poor prognosis, we speculated that ANRIL might play a role in mediating SOC metastasis. To explore this possibility, we examined ANRIL levels in two paired SOC cell lines: parental (SK-OV-3, HO8910) and highly metastatic sublines (SK-OV-3. ip1, HO8910-PM). The results showed that SK-OV-3.ip1 and HO8910-PM expressed higher levels of ANRIL than their parental cell lines (Fig. 2) , suggesting that ANRIL was associated with SOC metastasis.
ANRIL silencing attenuates migration and invasion of SOC cells.
To further investigate the role of ANRIL in SOC Table II . Univariate and multivariate analysis of overall survival in 68 SOC patients. metastasis, the effects of siRNA-mediated knockdown of ANRIL expression were first investigated in SK-OV-3.ip1 and HO8910-PM cells. Forty-eight hours following treatment, both siRNAs efficiently knocked down ANRIL expression in these cells (Fig. 3) . We then assessed the effects of ANRIL on the migratory and invasive behaviour of SOC cells. Wound-healing assays showed that knockdown of ANRIL caused an apparent suppression of cell migration in both SK-OV-3.ip1 and HO8910-PM cells (P<0.01, Fig. 4A) . Matrigel invasion assays also demonstrated that depletion of ANRIL markedly reduced the invasive ability of both SK-OV-3.ip1 and HO8910-PM cells (P<0.01, Fig. 4B ). We therefore concluded that ANRIL promotes SOC cell migration and invasion in vitro.
Univariate analysis Multivariate analysis --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------Overall survival Overall survival (months) --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
MET and MMP3 are the key downstream genes of ANRIL involved in SOC cell metastasis.
To further study possible mechanisms through which ANRIL alters migration and invasion in SOC cells, tumour metastasis-related gene expression profiles of SK-OV-3.ip1-ANRIL-siRNA1 cells were first compared with those of SK-OV-3.ip1-si-NC cells using real-time PCR array analysis. The results showed that six genes were markedly dysregulated (>2-fold) after ANRIL silencing in SK-OV-3.ip1 cells, specifically four downregulated (MMP3, MTA1, FN1 and MET) and two upregulated (CDH1 and TIMP2) genes (Table III) .
These downstream genes were further validated by qRT-PCR and western blotting assays in both SK-OV-3. ip1 and HO8910-PM cells. Consistent with the array results, decreased MET and MMP3 mRNA and protein levels were detected by qRT-PCR and western blotting in both SK-OV-3. ip1 and HO8910-PM cells after ANRIL silencing with both siRNAs (Fig. 5) .
Taken together, these data indicate that ANRIL regulates SOC cell migration and invasion, at least in part, through the regulation of MET and MMP3. 
Discussion
Mounting evidence indicates that eukaryotic transcriptomes and genomes are not the simple substrates of protein-coding gene transcription that they were once thought to be, but rather exhibit extensive non-coding RNA (ncRNA) expression (6) . Recent studies have highlighted the role of long ncRNAs (lncRNAs) in carcinogenesis and have suggested that this class of genes might be used as biomarkers in cancer. For example, HOTAIR has been demonstrated to be upregulated in primary breast tumours and metastases, and elevated HOTAIR expression is an indispensable predictor of eventual metastasis and death (8) . MALAT-1 has been found to promote cell motility and predict poorer clinical outcome in lung cancer (9) . HULC has been implicated in the regulation of hepatoma cancer cell proliferation, and higher HULC expression can be used as a non-invasive promising novel biomarker for diagnosis and/or prognosis in hepatocellular carcinoma (32, 33) . These studies emphasise the roles and clinical significance of lncRNAs in cancer biology. ANRIL, transcribed as a 3.8-kb lncRNA in the opposite direction from the INK4b/ARF/INK4a gene cluster, was first identified following genetic analysis of familial melanoma patients with neural tumours (19) . Recently, some genomewide association studies have identified ANRIL as a risk locus for several other cancers, including breast cancer, pancreatic carcinoma, nasopharyngeal carcinoma, basal cell carcinoma, glioma and leukemia (22) (23) (24) (25) (26) (27) . Inspired by these lines of evidence, we investigated ANRIL expression in SOC and analysed its clinical significance in the present study. Our data revealed that ANRIL expression levels in SOC tissues were clearly higher than those in non-cancerous tissues, strongly suggesting the possibility that ANRIL can be used as a potential biomarker to detect SOC. Furthermore, elevated ANRIL expression was associated with advanced FIGO stage, high histological grade and lymph node metastasis, indicating that overexpression of ANRIL may facilitate a more malignant ovarian cancer phenotype as well as metastasis. Importantly, the univariate and multivariate survival analyses showed that overexpression of ANRIL was an independent factor for predicting OS in SOC patients, demonstrating that ANRIL may act as a crucial prognostic biomarker for SOC patients. Thus, the examination of ANRIL expression could be used as an additional tool in identifying those SOC patients at increased risk for tumour metastasis and/or a poorer prognosis.
Previous studies have revealed that ANRIL contributes to various cellular events in many cancers, such as facilitated cell proliferation and senescence (20, 21) , suggesting a pro-cancerogenic role of the transcript. Encouraged by these earlier studies and our findings that overexpression of ANRIL was associated with lymph node metastasis and poor prognosis, it is therefore a logically hypothesis that ANRIL may be involved in SOC metastasis. Consistent with this hypothesis, our data demonstrated that ANRIL expression levels in highly metastatic SOC cell sublines (SK-OV-3.ip1 and HO8910-PM) were significantly higher than those in parental cells (SK-OV-3 and HO8910), indicating the metastatic potential of ANRIL. Subsequent wound-healing and Matrigel invasion assays showed that siRNA-mediated knockdown of ANRIL attenuated the ability of either cell migration or invasion in both SK-OV-3.ip1 and HO8910-PM cells. These results collectively suggest that ANRIL is an important factor for cell migration and invasion of SOC.
To date, the regulatory molecular events associated with ANRIL are not clear. Several previous reports have established that ANRIL has a regulatory effect on its neighbours CDKN2A/B (20, 21, 34) ; however, there is also evidence that ANRIL acts on certain genes that do not appear to be downstream to CDKN2A/B (35, 36) , reflecting a very complex regulatory panorama for this lncRNA. To investigate the downstream molecular events involving ANRIL and SOC invasiveness and/or metastasis in the current study, we compared SK-OV-3. ip1-ANRIL-siRNA1 cells and SK-OV-3.ip1-si-NC cells using a human tumour metastasis real-time PCR array, containing 84 well-known cell invasion/metastasis-related genes. Notably, the mRNAs of six genes were differentially expressed (>2-fold; i.e., MMP3, MTA1, FN1 and MET were downregulared, and CDH1 and TIMP2 were upregulated). Subsequently, downregulation of MET and MMP3 protein was confirmed by western blotting in both SK-OV-3.ip1 and HO8910-PM cells. Taken together, these results suggest that ANRIL might regulate SOC cell migration/invasion by regulating MET and MMP3. Future efforts will be devoted to exploring the underlying molecular mechanism through which ANRIL regulates MET and MMP3.
In conclusion, ANRIL is overexpressed in SOC, and its overexpression correlates with an aggressive/poor prognostic phenotype of the tumour. Furthermore, functional studies suggest a critical role of ANRIL in the control of SOC cell migration/invasion at least in part through regulation of MET and MMP3. These data highlight the significance of ANRIL in SOC progression, suggesting that ANRIL may be a crucial predictor for SOC metastasis/poor prognosis and a potential therapeutic target.
